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S1 Specific information of materials
- Spent coffee ground (NESCAFÉ Dolce Gusto Lungo, Nestlé, Vevey, Switzerland)
- Ethyl cellulose (EC; 48.0–49.5% (w/w) ethoxyl basis, Sigma-Aldrich, MO, USA)
- Ethanol (EtOH; Samchun Pure Chemical, Pyeongtaek, Korea)
- Propylene glycol (PG; Daejung Chemicals & Metals Co., Ltd., Siheung, Korea)
- Cellulase (C2370, Sigma-Aldrich, MO, USA)
- Expanded polystyrene (EPS, BEWI ASA, Trondheim, Norway)
S2 Characterization
Sample preparation and characterization were carried out using the instruments specified below:
- Tube furnace (LF-GT 630, LK Lab, Namyangju, Korea)
- Thinky mixer (ARE 310, Thinky Co., Tokyo, Japan)
- Heating press (D3P-20J, Dae Heung Science, Incheon, Korea)
- Fourier transform infrared spectroscopy (Frontier, PerkinElmer Ltd., Buckinghamshire, UK)
- X-ray photoelectron spectroscopy (K-Alpha+, Thermo Fisher Scientific Inc., Waltham, MA, USA)
- X-ray diffractometer (PANalytical X'Pert Pro, Malvern Panalytical Ltd., Royston, UK)
- Raman spectroscopy (RAMAN Touch, Nanophoton, Osaka, Japan)
- Field-emission scanning electron microscope (GeminiSEM 500, Carl Zeiss, Oberkochen, Germany)
- Sputter machine (Ion Sputter E-1030, Hitachi High Technologies, Tokyo, Japan)
[bookmark: _Hlk191069898]- Cs-corrected transmission electron microscope (JEM-ARM200F, JEOL, Peabody, MA, USA)
- Mercury intrusion porosimeter (Autopore V9620, Micromeritics, Norcross, GA, USA)
- Gas adsorption instrument (BELSORP MINI X, MicrotracBEL Corp., Osaka, Japan)
- Gas pycnometer (Ultrapyc 5000 Foam, Anton Paar, Graz, Austria)
- Differential scanning calorimeter (DSC 204 F1 Phoenix, NETZSCH, Selb, Germany)
- TCI thermal conductivity analyzer (C-Therm Technologies Ltd., Fredericton, NB, Canada)
- Contact angle goniometer (L2004A1, Ossila Ltd., Sheffield, UK)
- Three-dimensional micro-computed tomography (Skyscan 1272, Bruker Co., MA, USA)
- Infrared camera (FLIR E54, Teledyne FLIR LLC, Wilsonville, OR, USA)
[bookmark: _Hlk211015390][bookmark: _Hlk211897832][bookmark: _Hlk211966256][bookmark: _Hlk211966386][bookmark: _Hlk211015702]Fourier transform infrared spectroscopy (FT-IR) was utilized to identify the chemical functional groups of the SB in the range of 4000–500 cm−1. The chemical bonds of the SB were analyzed using X-ray photoelectron spectroscopy (XPS) with an Al X-ray source. The crystal structure of the SB was analyzed using an X-ray diffractometer (XRD) with a Cu-Kα radiation source (1.54 Å). SB was scanned over a 2θ range of 10–60° at a rate of 0.02°/s. The carbon structure of the SB was identified using Raman spectroscopy with a 532 nm laser source. The surface morphology of the SB and interior morphology of the composites were observed by a field-emission scanning electron microscope (FE-SEM). The samples were coated with platinum for 100 s using a sputter machine. The morphology of the SB was observed at high resolution with a Cs-corrected transmission electron microscope. The pore structure was analyzed using two different methods, with nitrogen adsorption for micro-/mesopores and mercury intrusion for macropores. The nitrogen adsorption-desorption isotherms were measured at −196 °C using a gas adsorption analyzer after degassing at 200 °C for 6 h. The specific surface area of SB was calculated using the Brunauer-Emmett-Teller (BET) method, and the micropore volume (Vmicro) was evaluated using the t-plot method. The mesopore volume (Vmeso) was determined by the Barrett-Joyner-Halenda method. The macropore volume (Vmacro) and macroporosity were obtained using a mercury intrusion porosimeter. The total pore volume () was calculated as the sum of the micro-, meso-, and macropore volumes. The relative volume fraction of each pore type (micro-, meso-, and macropores) in SB was calculated using the following equation:
                         (S1)
The true density () of SB and EC was measured using a gas pycnometer. The apparent density (), which takes into account the internal pores of the material, was calculated by (Yao et al. 2022): 
                                                                  (S2)
The specific heat capacity () of SB and EC was measured with a differential scanning calorimeter. The thermal effusivity () of the SB was measured with a TCI thermal conductivity analyzer. The thermal conductivity () of SB as derived from the measured thermal effusivity can be expressed as (Lei et al. 2019):
                                                                                (S3)
The pore structure of the SB in the composites was confirmed using three-dimensional (3D) micro-computed tomography (micro-CT) with a charge-coupled device detector. The thermal conductivity of the composites was analyzed with a TCI thermal conductivity analyzer. The thermal insulation performance was evaluated by observing a sample placed on a hot plate at 45 °C using an infrared (IR) camera.
S3 Governing equations
The FEM simulation was performed under steady-state heat transfer, assuming that the heat flow was homogeneous with no heat generation. The governing equation for thermal conductivity was derived from Fourier’s law, expressed as follows (Comsol 2018; Alvarez-Guerrero et al. 2022; Ngo et al. 2018):
                                                                                (S4)
where , , and  are heat flux density, thermal conductivity, and temperature gradient, respectively. In the steady-state without a heat source, the rate of temperature change over time is zero (Comsol 2018). The law of energy conservation can be simplified as follows:
                                                                                  (S5)
By applying Fourier’s law, this can be expressed as the Laplace equation (Comsol 2018; Alvarez-Guerrero et al. 2022; Ngo et al. 2018):
                                                                                  (S6)
Therefore, the governing equation of heat transfer in the composite can be described as follows (Comsol 2018; Alvarez-Guerrero et al. 2022; Ngo et al. 2018):
                                                   (S7)
where the subscripts  and  indicate the matrix and filler, respectively.
S4 Solubility based on relative energy difference
The relative energy difference (RED) is an important indicator for determining the solubility between a solvent and a solute (Li et al. 2022). A solvent with  exhibits a high affinity for the solute, whereas a solvent with  indicates low solubility (Li et al. 2022). The  value of EC has been reported as 10.3 MPa1/2 (Archer 1992). The RED values of the solvents for EC are presented in Table S7. Water and PG exhibited RED values greater than 1, indicating a low affinity for EC. However, EtOH had an RED value of 0.98, suggesting excellent affinity and solubility with EC. Therefore, the RED values confirmed that EC was insoluble in water and PG but soluble in EtOH.


[bookmark: _Hlk210426090]Table S1 Properties of EPS
	Property
	Value

	Thermal conductivity (W m−1 K−1)
	0.04

	Density (kg m−3)
	43

	Average pore size (μm)
	83

	Porosity (%)
	82

	biodegradability
	Non-biodegradable



Table S2 Carbonization conditions and pore characteristics of as-prepared SB
	Label
	Temperature
(°C)
	Atmosphere
	Time
(hour)
	SBETa
(m2 g−1)
	Vmicrob
(cm3 g−1)
	Vmesoc
(cm3 g−1)
	Vmacrod
(cm3 g−1)
	Yield
(%)

	SCG
	–
	–
	–
	–
	–
	–
	0.8654
	–

	SB500
	500
	Ambient air
	1
	34.87
	0.0145
	0.0031
	1.3066
	36

	SB700
	700
	Ambient air
	1
	247.5
	0.0905
	0.0150
	1.7830
	23

	SB900
	900
	Ambient air
	1
	891.5
	0.2790
	0.1483
	1.9517
	19

	NSB700
	700
	Nitrogen
	1
	–
	–
	–
	1.7730
	25


a BET surface area
b Micropore pore volume
c Mesopore pore volume
d Macropore pore volume


Table S3 Label and composition of the fabricated composites
	Label
	Filler type
	EC
(wt%)
	SB
(wt%)
	PG
(g g−1 of SB)

	EC/SCG/PG-05
	SCG
	95
	5
	2.0

	EC/SCG/PG-10
	
	90
	10
	2.0

	EC/SCG/PG-15
	
	85
	15
	2.0

	EC/SCG/PG-20
	
	80
	20
	2.0

	EC/SCG/PG-25
	
	75
	25
	2.0

	EC/SB500/PG-05
	SB500
	95
	5
	2.0

	EC/SB500/PG-10
	
	90
	10
	2.0

	EC/SB500/PG-15
	
	85
	15
	2.0

	EC/SB500/PG-20
	
	80
	20
	2.0

	EC/SB500/PG-25
	
	75
	25
	2.0

	EC/SB700/PG-05
	SB700
	95
	5
	2.0

	EC/SB700/PG-10
	
	90
	10
	2.0

	EC/SB700/PG-15
	
	85
	15
	2.0

	EC/SB700/PG-20
	
	80
	20
	2.0

	EC/SB700/PG-25
	
	75
	25
	2.0

	EC/SB900/PG-05
	SB900
	95
	5
	2.0

	EC/SB900/PG-10
	
	90
	10
	2.0

	EC/SB900/PG-15
	
	85
	15
	2.0

	EC/SB900/PG-20
	
	80
	20
	2.0

	EC/SB900/PG-25
	
	75
	25
	2.0

	EC/NSB700/PG-25
	NSB700
	75
	25
	2.0




Table S4 Label and composition of the control samples
	[bookmark: _Hlk184722768]Label
	Filler type
	EC
(wt%)
	SB
(wt%)
	Solvent
(g g−1 of SB)

	EC/SB700/none-25
	SB700
	75
	25
	–

	EC/SB700/water-25
	
	75
	25
	2.0 (water)

	EC/SB700/EtOH-25
	
	75
	25
	2.0 (EtOH)



Table S5 Material properties used in FEM simulation
	Property
	EC
	SB700
	SB900

	Specific heat capacity
(, J kg−1 K−1)
	1532
	1021
	875

	True density
(, kg m−3)
	1234
	1238
	1339

	Apparent density
(, kg m−3)
	–
	414
	431

	Thermal effusivity
(, W s1/2 m−2 K−1)
	–
	130
	154

	Thermal conductivity
(, W m−1 K−1)
	0.24
	0.04
	0.06




Table S6 Hansen solubility parameter of EC and solvents
	Material
	Hansen solubility parameters (MPa1/2)
	Reference

	
	
	
	
	

	EC
	17.0
	7.7
	9.6
	(Shlush and Davidovich-Pinhas 2023)

	Water
	15.6
	16.0
	42.3
	(Subrahmanyam et al. 2015)

	EtOH
	15.8
	8.8
	19.4
	

	PG
	16.8
	9.4
	23.3
	



Table S7 RED values of solvents with EC
	Solvent
	RED value

	Water
	3.28

	EtOH
	0.98

	PG
	1.33
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Fig. S1 Micro-CT image of EPS
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Fig. S2 Macropore size distribution of (a) SCG, (b) SB500, (c) SB700, and (d) SB900
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[bookmark: _Hlk211081978]Fig. S3 Nitrogen adsorption-desorption isotherms of SB

[image: ]
Fig. S4 Relative pore volume fractions of SB
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[bookmark: _Hlk187613213]Fig. S5 FE-SEM fracture surface image of SB700-based composite (25 wt%) fabricated with 1.5 g of PG per 1.0 g of SB700
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Fig. S6 Micro-CT image of EC/SB700/none-25
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Fig. S7 PV cells integrated with thermal insulation material
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Fig. S8 Ice state before and after the scaled-down BIPV system experiment
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